Murine and human leprosy bacilli are obligate parasites, usually occurring intracellularly, which have not been cultivated in vitro. Conventional methods of determining nutritional requirements by growth studies, therefore, are not applicable. In the experimental work here reported, an approach has been made to the cultivation problem by the only available rational method, i.e., by a study of the metabolism of Mycobacterium lepraemurium separated from infected tissue.
Murine and human leprosy bacilli are obligate parasites, usually occurring intracellularly, which have not been cultivated in vitro. Conventional methods of determining nutritional requirements by growth studies, therefore, are not applicable. In the experimental work here reported, an approach has been made to the cultivation problem by the only available rational method, i.e., by a study of the metabolism of Mycobacterium lepraemurium separated from infected tissue.
METHODS
The source of bacilli was the infected rat testicle which Hanks and Backerman (1950) have shown to be the favored site for growth of these bacilli. Bacilli of comparable activity can be obtained from subcutaneous lepromas but in lower yields and with greater difficulty. Rats were inoculated four to six months before use with the Hawaiian strain of M. lepraemurium. Infected testicles usually increase several fold in size and average 2 X 1011 bacilli per gram of tissue.
Bacilli were freed from tissue components and tissue oxidative enzymes aseptically by centrifuging homogenates of infected tissue through dense layers of hypertonic sucrose and of KCI solutions. This procedure incorporates principles used in the Hogeboom, Schneider, and Palade (1948) method for isolating mitochondria and other cellular particulates and in the albumin method developed by Ferrebee and Geiman (1946) for the separation of blood cells, and is described elsewhere (Hanks, 1951a) .
The bacilli were suspended in potassium phosphate buffer M/60 at pH 7.5 and standardized turbidimetrically so that a 1:100 dilution permitted 80 per cent light transmission at 420 my. and corresponded to nephelometer 80 on the MacFarland scale. A 0.6 ml aliquot of suspension which contained, on an average, 0.36 mg of nitrogen was added to each Warburg flask. Small flasks (5 ml) and manometers (3 mm bore) were used to provide a system which was two to three times as sensitive as standard flasks. Respiration was measured by the "direct method" (Umbreit et al., 1949) at 37 C.
EXPERIMENTAL RESULTS
Biochemical purity of bacilli. Early in these studies and before the purification procedure reached its present state of development, the author occasionally obtained succinoxidase activity in bacillary suspensions. This was not surprising since the most stable oxidative system in preparations from tissue is the succinoxi-dase complex (Green, 1949 (Gray, 1949) . The RQ starts at 0.9 and gradually falls for a three hour period until it becomes stabilized at 0.7. These bacilli share with other mycobacteria a pronounced resistance of respiration to high concentrations of fluoride (M/50) and azide (M/25).
Respiration is greatest at pH 8.5 but falls off rapidly after three hours. The optimum pH for stable respiration (3 to 20 hr) is 7.5. A pH of 6.8 permits stable respiration at a lower rate. Activity is greatly lowered at 6.0.
It is known that anaerobic storage of human tubercle bacilli for several days markedly reduces their capacity for growth and respiration whereas cells of Mycobacterium phlei are not damaged (Loebel, Shorr, and Richardson, 1933 (Hanks, 1952b as Mg, adenylate (AMP), adenosine triphosphate (ATP), diphosphopyridine nucleotide (DPN), cocarboxylase, and cytochrome c were tested at 1.0, 0.5-1.5, 0.5-1.5, 0.5, 0.5, and 0.5 yM, respectively. Other substrates were tested at 100 mg per cent and were usually retested at 2, 5, or 10 times that concentration. The balanced salt solution was that of Hanks and Wallace (1949) , and the vitamin mixture was that used by Lichstein and TUmbreit (1947) with vitamin B12 added.
Complex substrates. Many complex substances such as "bacto" casamino acids (Difco), peptone, tryptic digestfcasein, chick embryo extract, rat serum, boiled extract of rat testicle, boiled suspensions of M. lepraemurium and M. phlei, supernatants of M. phlei cultures, and extracts of living M. phlei prepared by grinding with fine silica were inactive. Several materials were toxic. Peptone was tolerated at 1.0 per cent, but 2.0 per cent was toxic. Rat serum, which inhibits hydrogen transfer in these bacilli (Hanks, 1952b) , also inhibited respiration. This inhibition was greatest against bacilli with high respiratory activity. Inhibition of respiration is not immediately apparent but develops after several hours. Twenty per cent serum may inhibit respiration as much as 80 per cent in two hours.
Several materials brought about sustained increases in respiration. Activity of yeast and liver. Aqueous extracts of various preparations of yeast and liver stimulated respiration. Yeast extract 1.0 per cent was active, but 2.0 per cent was toxic. A better source of the yeast factors is "bacto" yeast supplement (Difco). This is a sterile filtrate of autolyzed bakers yeast prepared in such a manner that diphosphopyridine nucleotide, cocarboxylase, and other growth promoting substances are preserved. It must constitute 15 per cent by volume of the test system in order to produce easily detectable stimulation. The best source of liver factors is the supernatant from a 25 per cent boiled aqueous suspension of "bacto" liver powder (Difco). We generally use one part of this extract per ten parts of bacillary suspension in the Warburg flasks. The degree of stimulation provided by yeast and liver factors is rather constant (35 to 50 per cent) and does not depend much on the age or endogenous activity of suspensions.
Activity of albumin. Purified bovine serum albumin which has been shown to increase hydrogen transfer (Hanks, 1952b ) also increases respiration. There tends to be an inverse relationship between the endogenous activity of suspensions and the stimulation provided by albumin (figure 1)-Although highly active suspensions show no immediate stimulation by albumin, the stabilizing influence becomes evident after 3 hours. Suspensions possessing an initially low respiration show immediate stimulation and enhanced stability. If the endogenous respiration of highly active suspensions has been lowered by incubation, refrigeration, or washing, the stimulation by albumin is prompt, but the rate does not equal that of those which have been maintained in albumin from the outset.
If albumin were to be attacked oxidatively, one would expect ammonia to be released. We have not yet been able to detect ammonia. A marked, but temporary, stimulation of other mycobacteria by serum albumin has been observed (Gray, 1949) . This response was interpreted as oxidation of impurities which are present in small amounts in even the best serum albumin preparations. This explanation does not appear to apply to M. lepraemurium, for the chief impurities, acetate and long chain fatty acids, do not enhance or inhibit the respiration of this microorganism, either in the presence or absence of albumin. It seems unlikely that albumin is required primarily to serve the well known function of binding traces of free fatty acids as in the Dubos medium for tubercle bacilli (Davis and Dubos, 1947) . However, it should be pointed out that serum albumin is no longer favorable for M. lepraemurium when its binding property is destroyed under conditions which do not coagulate albumin, e.g., by heating at 100 C for 20 minutes at pH 7.3. Other proteins with low binding power such as egg albumin and gelatin are nor active. It seems highly probable that serum albumin may serve to combat inhibitors of tissue origin or replace in part the function of structural proteins which are being lost by the bacilli. Loss of protein (tuberculin), nucleic acids, and other substances from tubercle bacilli is a familiar phenomenon.
Activity of protamine. Among other proteins tested, protamine sulfate alone produced a stimulation comparable to that of albumin. Since protamine inhibits the growth and respiration of a wide variety of bacteria (Miller et al., 1942) and also the growth and respiration of M. phlei, this effect was unexpected. The respiration of M. lepraemurium is actually stimulated by 3 per cent protamine, which is 100 times the average inhibiting concentration for other bacteria. In long term respiration studies 0.15 per cent protamine was superior to 0.3, 1.0, and 3 per cent. After 20 hours in its presence the bacilli exhibited as much as 70 per cent of their original activity, while only 25 per cent of the endogenous activity remained in the control flasks.
As in the case of albuimin stimulation, the protamine effect seems related to the binding properties of this substance. More specific evidence, however, is available to relate its activity to binding capacity than is the case for albumin. Since the protamines are made up largely of basic amino acids, such as arginine, they are strong cations with a pronounced binding capacity for negatively charged substances. This property has led past workers to use them for precipi-tating nucleic acids from biological materials. Reference has been made previously to the loss of nucleic acids from tubercle bacilli during the autolytic processes giving rise to tuberculin. Supernatants from aged suspensions of M. lepraemurium also yield small quantities of nucleic acid or similar materials which precipitate with protamine. Our present concept of protamine function is that it prevents loss of nucleic acids or other essential anions from the bacilli, or that it detoxifies adsorbed toxic anions. This hypothesis would also explain the unusual lack of toxicity of protamine for M. lepraemurium. In this connection, it is interesting to note that Bloom et al. (1951) be damaged by anaerobiosis, they must obtain their energy in part from oxidative processes involving oxygen as a terminal hydrogen acceptor. It would be misleading to generalize on the thesis and to expect all energy yielding oxidations to result in oxygen consumption. The mycobacteria are known to accumulate large amounts of highly reduced materials in the form of lipids, which means that some of the hydrogen removed from substrates never reaches oxygen. Nevertheless, the fact that they are damaged by anaerobiosis, like other pathogenic mycobacteria, and belong to a genus whose species show no aerobic or anaerobic glycolysis, and are incapable of anaerobic growth permits one to draw certain inferences from respiratory data. These data suggest that the fundamental biological and biochemical problems associated with M. lepraemurium are concerned with such questions as the utilization of substrate and the production of energy. From a standpoint of energetics, the failure of these bacilli to oxidize any of a wide variety of simple substrates suggests that growth in vitro is not 310 [voL. 64 on October 26, 2017 by guest http://jb.asm.org/ Downloaded from possible until means are found to reproduce certain essential conditions which obtain during intracellular parasitism. This does not mean that these bacilli will never be cultivated apart from living host cells. The prospect depends on the nature of the requirements satisfied by host cells. The answer to the problem of in vitro cultivation resides in one of two conceptual fields. If these bacilli are inherently much like other slow growing mycobacteria but have additional superimposed impediments of toxicity, metabolic instability, or nutritional deficiencies, it should be possible to recognize and correct such difficulties. If, on the other hand, the bacilli are directly dependent upon enzymic processes of the host cell, such as is suspected for viruses, the processes would be difficult to duplicate apart from living cells unless these processes were performed by some of the more stable enzymes.
An insight into some of the problems concerning substrate oxidation and growth in the murine bacilli can be obtained by comparing their activity with that of slow growing cultivable species. Human and avian tubercle bacilli oxidize long and intermediate chain fatty acids, glucose, lactate, glycerol, and pyruvate rapidly. They fail, however, to show appreciable oxidation of amino acids, dicarboxylic acids, and acetate (Loebel et al., 1933; Andrejew, 1948; Gray, 1949 ). Johne's bacillus even fails to attack glucose, glycerol, lactate, and pyruvate at significant rates (Gray and Brooke, 1951) . This does not mean that substrates which are oxidized slowly do not play an important role in the metabolism of these species. Ackart and Murray (1951) have shown that succinate is an excellent substrate for the growth of the Kirschberg strain of Mycobacterium avium. Both this strain (Oginsky et al., 1950) and another strain of avian tubercle bacilli (Gray, 1949) have been found to oxidize succinate very slowly.
The oxidation rates of washed tubercle bacilli may be increased only twofold by glucose and lactate and fourfold by stearate, the most stimulatory substrate. The "starvation" techniques of Loebel et al. (1933) , Andrejew (1948) , and Gray (1949) are designed to deplete the endogenous reserves (by extraction and oxidation) and thus facilitate the demonstration of substrate oxidation. The washing method used in this study on M. lepraemurium was more rigorous than those methods employed in preparing suspensions of tubercle bacilli for metabolic work. Furthermore, the long periods of observation in the Warburg exceeded the time necessary for the "starvation" of tubercle bacilli. However, even under these conditions which are so suitable for the demonstration of substrate response in tubercle bacilli, serum albumin is the only substance which shows an increasing superiority over the endogenous rate as the extraction and "starvation" of M. lepraemurium proceed. Bloch (1950) in the bacilli rather than to damage by the reagents or procedures employed in their recovery from the infected tissues. These procedures reduce the viability and hydrogen transfer capacity of M. phlei by only 20 per cent. From a study of the influence of the individual steps and reagents on the hydrogen transfer capacity of M. lepraemurium it has been concluded that the purification procedure is even less deleterious to this microorganism (Hanks, 1951b) . Since the importance of extraction and oxidation of endogenously stored materials prior to measurements of substrates response in mycobacteria was discussed previously, it may be emphasized that the loss of extractives during washing is likely to increase rather than to decrease the probability of demonstrating the oxidation of substrates. The fairly constant response of M. lepraemurium to materials in yeast and liver extracts suggests that these materials replace in part certain low molecular weight co-factors which are lost during the washing procedure. However, even bacilli with a high endogenous metabolism show no immediate "albumin requirement" and cannot be considered to be severely extracted. These fail to oxidize substrate when fortified with albumin and yeast autolysate.
Murine leprosy bacilli are the only mycobacteria which fail to show enhanced respiration even after "starvation" or prolonged incubation with substrates. The metabolic work permits us to define the deficiencies of this organism in terms of two main problems; first, the failure of any of a wide variety of compounds to prevent the rapid deterioration of respiration, hydrogen transfer capacity (Hanks, 1952b) , or infectiousness (Hanks, 1952a) ; secondly, the unexpected toxicity of certain complex substrates. On the basis of such evidence, it is not surprising that many past attempts to cultivate these bacilli have failed. It is not to be expected that cultivation will be achieved by some empirical combination of nutrients. Rather 
SUMMARY
Mycobacterium lepraemurium separated in high purity from infected rat testicles shows an endogenous respiration but is unable to oxidize any one of fifty compounds tested.
The respiration of murine leprosy bacilli, like that of tubercle bacilli, is damaged by anaerobic storage. This damage occurs in their terminal respiratory apparatus.
Heat stable factors in yeast and liver stimulate and stabilize respiration of the bacilli. Proteins with a strong binding capacity such as bovine serum albumin and protamine stimulate and stabilize respiration but do not enable the bacilli to utilize substrates. There is an inverse relationship between the endogenous activity of suspensions and the relative stimulation induced by albumin.
Suspensions fortified with albujmin and yeast autolysate respire well for several days in the Warburg apparatus and make possible the long period studies needed to measure minimal contributions to their metabolism.
